Atmospheric turbulence has an impact on the transmission of electromagnetic vortex waves with an orbital angular momentum (OAM) mode. In this paper, based on the joint atmospheric turbulence model, we examine the influence of atmospheric turbulence on the transmission of electromagnetic vortex waves. First, a mathematical model is established to formulate the transmission characteristics of electromagnetic vortex waves under joint atmospheric turbulence. Subsequently, in order to mitigate the influence of the atmospheric turbulence on the electromagnetic vortex waves, an adaptive compensation on phase is proposed. Finally, we analyzed the transmission performance of an OAM-mode multiplexing system using an adaptive compensation method through the wireless communication channel. By means of numerical simulation, the effect of atmospheric turbulence on the transmission characteristics and mode crosstalk of OAM is analyzed. The simulation results show that electromagnetic vortex waves could perform well on the wireless communication system with a low mode crosstalk, which provides the theoretical support to optimizing the mode division multiplexing technology in a free space communication system.
Introduction
It is well known that spectrum resource constraints and channel capacity are increasingly inadequate for the development of wireless communication systems, and how to correctly and reasonably use the existing spectrum resource has become a hot issue. Existing multiplexing technologies, such as frequency division multiplexing, time division multiplexing and polarization multiplexing, are unable to meet future demands of information communication [1] . Space division multiplexing is a new technology that can effectively solve the problem of spectrum tension [2, 3] . For free space wireless communication, we used the properties of vortex beam to realize space-division multiplexing. It could provide orbital angular momentum (OAM) with a new degree of freedom, besides amplitude, frequency, and phase. The intrinsic state of OAM can be represented by a quantized topological charge number, and the variety of topological charge number could lead to many kinds of the radial mode and phase distribution. Theoretically, electromagnetic vortex wave can carry infinite Appl. Sci. 2019, 9, 901 3 of 15 investigations have shown that the turbulence model in the troposphere meets the Kolmogorov turbulence, which meets the non-Kolmogorov turbulence in the stratosphere. Thus, joint atmospheric turbulence refraction spectra density function Φ n (κ, α) can be described as follows:
where function Φ n1 (κ, α) is the atmospheric turbulence refraction spectra density of the troposphere, and function Φ n2 (κ, α) is the atmospheric turbulence refraction spectra density of the stratosphere. The symbol κ is the magnitude of the spatial frequency vector in rad/m units, and the symbol α denotes the spectral power-law exponent. By introducing the spatial filter function G(κ, α), spectra density function in Equation (1) could expand into
where C 2 n (h) is the generalized atmospheric refractive index structure parameter for Kolmogorov turbulence, which represents the measurement of the refractive index fluctuation with the variety of the altitude h, and C 2 n (h) is the generalized atmospheric refractive index structure parameter for non-Kolmogorov turbulence, which is directly associated with turbulence strength. Many influencing factors of atmospheric turbulence, temperature gradient, humidity fluctuations, and the correlation between temperature and humidity fluctuations should be considered. According to References [18, 19] , the atmospheric refractive index structure parameter C where ω is the wind speed, which is usually taken as a value of 20 m/s, and C 2 n (0) represents the altitude h = 0.
Because the effects of atmospheric turbulence can be considered as large-scale eddies and small-scale eddies, the individual eddies are independent and do not interact with each other. Then we could get the following expression:
Based on the extended Rytov theory [20] , the symbols G x (κ, α) and G y (κ, α) represent the large-scale and small-scale filter functions for weak-to-strong turbulence, respectively, and have the following forms:
where κ x is the cutoff spatial frequencies under weak-to-strong fluctuations of large-scale eddies, and κ y is the cutoff spatial frequencies under weak-to-strong fluctuations of small-scale eddies. According to Reference [18] , the spatial cutoff frequency for large-scale and small-scale filter functions can be further expressed as
where L is the distance of the propagation path, k represents the wave number, with λ being the wavelength, ρ 0 (α) is the coherent length, l x is the lower limit of the large-scale eddies, l y is the upper limit of the small-scale eddies, the functions σ 2 R (α) and σ 2 R (α) are the Rytov variance of the Kolmogorov turbulence and non-Kolmogorov turbulence, the spectral power-law can suppose the values 11/3 and 5 for the Kolmogorov turbulence and non-Kolmogorov turbulence, respectively. The coherent length has the form of
where A(α) denotes the generalized modified amplitude factor; the expression is defined as
Adaptive Compensation
Due to the wavefront distortion phenomenon of electromagnetic vortex waves being transmitted through atmospheric turbulence, both intensity and phase will be distorted. Usually, adaptive correction technology is used to compensate the wavefront distortion of the beam, so as to improve greatly and thereby recover the intensity and phase information of the beam. In this paper, we consider that the group of Laguerre-Gaussian beams carrying OAM mode is used to carry information data, as it has been used in numerous applications after the lab generation was performed in Reference [21] . The field distribution of the Laguerre-Gaussian beam is expressed as
where the function w(z) is the diffraction limited spot size of the fundamental Gaussian beam, z is the propagation distance, z R is Rayleigh range, the symbols p and l are the radial and angular coordinate, respectively, in the z plane. The amplitude at the transmitting end can be expressed as
By transmitting a certain distance in atmospheric turbulence, the electric field on the observed plane is obtained by the diffraction integral
where the function exp[ψ(r, θ, z)] is the phase change introduced by atmospheric turbulence. The spatial inhomogeneity caused by atmospheric turbulence will change the structure function, which will lead to a change of OAM mode. In order to reduce the influence of atmospheric turbulence on electromagnetic waves, an adaptive phase compensation method was introduced. At the receiving end, the correlation coefficient of intensity affected by turbulence is as follows: where the symbol ∆φ is the phase disturbance for the wavefront caused by atmospheric turbulence. The phase of the Laguerre-Gaussian beam can be expressed as the function P = exp(−ilφ). Therefore, the output phase can be calculated by
where n represents the number of iterations, and m is the gain coefficient. The symbol P n represents the phase within finite steps iterative computations, then the reconstructed phase can be obtained by Equation (12) . The significance of this algorithm is to set the total number of iterations, in order to recover the best phase of the system and minimize the residual difference of phases after multiple iterations, so that we could achieve the best performance of the adaptive compensation system without a wavefront sensor.
The symbol P n|n−1 represents the phase ratio within n and (n−1) iteration calculation. When the Laguerre-Gaussian beam propagates in atmospheric turbulence, in order to obtain the weight of a new vortex mode component, the disturbed electric field is decomposed into a series of spiral harmonics with a corresponding coefficient as follows:
where the coefficient a l (r, z) is given by the integral
Radial integration of the above formula can obtain the relative energy using single OAM mode, as for a finite-aperture receiver with radius R, which has the form of
In the conditions of atmospheric turbulence, there is a transfer of energy between the emitted OAM modes, which leads to channel crosstalk. If a single OAM mode with an angle index of l is transmitted, the received optical field after the transmission through turbulent atmospheric channel can now be regarded as a superposition of all OAM modes. Therefore, the signal intensity in the receiving terminal is expressed as
where g l is the weight coefficient of the OAM mode of angle index l. Because the OAM pattern is orthogonal, the crosstalk between OAM modes can be described by the following conditional probability.
We use the formal model in calculating the channel capacity. The channel capacity can be calculated by
where X and Y is the input and output OAM mode, respectively, and the symbol H denotes entropy.
Appl. Sci. 2019, 9, 901 6 of 15
Simulation and Analysis
In this section, first, we compared the transmission characteristics of electromagnetic vortex wave, which carry the single-mode and the multi-mode of OAM through an ideal channel and a turbulent channel, respectively. Then, the adaptive compensation technology was used to correct the turbulence influence exerted on the electromagnetic wave. Furthermore, we compared the transmission characteristics before and after adding the adaptive compensation. Last but not least, the results of signal-to-crosstalk ratio were given, and after adding adaptive compensation, the trend of communication capacity changing with the number of transmission modes was shown. For simulation analysis, the work was modeled on the Laguerre-Gaussian beam with the wavelength of Ku band sets of 2 cm. We used the example of the Laguerre-Gaussian beam for carrying the OAM mode of p = 0, l = 5. The received mode intensity and phase distribution of electromagnetic vortex waves are shown in Figure 1 . It can be seen from the three-dimensional diagram of the intensity distribution that the strength ring of OAM mode with the same topological charge gradually diffuses in the ideal channel as the transmission distance increases. The phase distribution spirals with the change in transmission distance. At the center of the beam, the intensity is zero and the phase singularity occurs. Due to the atmospheric turbulence in the space communication channel, the spiral wavefront structure of OAM mode was easily distorted by it, which limited the performance of the free space communication system based on the OAM mode. Therefore, we needed to consider the effect of atmospheric turbulence on electromagnetic vortex waves in free space communication channels.
McGlamery was the first to propose a phase screen generation method based on Fourier transform [22] . We can express the changing phase caused by atmospheric turbulence in terms of a Fourier integral. Figure 2 displays the strength of the weak-to-strong atmospheric turbulence by using a Due to the atmospheric turbulence in the space communication channel, the spiral wavefront structure of OAM mode was easily distorted by it, which limited the performance of the free space communication system based on the OAM mode. Therefore, we needed to consider the effect of atmospheric turbulence on electromagnetic vortex waves in free space communication channels. McGlamery was the first to propose a phase screen generation method based on Fourier transform [22] . We can express the changing phase caused by atmospheric turbulence in terms of a Fourier integral. Figure 2 displays the strength of the weak-to-strong atmospheric turbulence by using a series of random phase screens. Some major parameters are as follows: The large-scale l x = 10 m, the small-scale l y = 0.01 m, the length of one side of square phase screen is 0.2 m, and the number of grid points per side is 256. In the simulation process, we used the joint atmospheric turbulence model that corresponded to actual channel conditions.
(a) (b) (c) Due to the atmospheric turbulence in the space communication channel, the spiral wavefront structure of OAM mode was easily distorted by it, which limited the performance of the free space communication system based on the OAM mode. Therefore, we needed to consider the effect of atmospheric turbulence on electromagnetic vortex waves in free space communication channels. McGlamery was the first to propose a phase screen generation method based on Fourier transform [22] . We can express the changing phase caused by atmospheric turbulence in terms of a Fourier integral. Figure 2 displays the strength of the weak-to-strong atmospheric turbulence by using a series of random phase screens. Some major parameters are as follows: The large-scale lx = 10 m, the small-scale ly = 0.01 m, the length of one side of square phase screen is 0.2 m, and the number of grid Electromagnetic vortex wave propagation in the atmosphere channels is affected by a variety of linear and nonlinear effects. The OAM mode is a spatial mode distribution, so the intensity and phase distortion of its wavefront are inevitably affected by atmospheric turbulence. Atmospheric turbulence causes a random fluctuation of the refractive index and distortions of the propagating beam wavefront. Figure 3 shows the intensity and phase distribution of electromagnetic vortex waves with transmission distances of 1 km, 5 km and 10 km under the conditions of moderate-to-strong turbulence. In a single channel transmission, using a single OAM mode, the circular intensity distribution of single mode vortex beam is distorted, and the intensity distribution in the ring is no longer uniform with the increasing propagation distance. The variance of phase distribution is increasingly untidy. Compared to the ideal channel transmission, burr defect appears on the surface of the intensity of electromagnetic vortex waves. The phase perturbation of the single mode vortex beam is gradually distorted, and the isophase lines are distorted by turbulence. The intensity of electromagnetic vortex waves has a weakening trend, and the diameter of the intensity ring gradually diffuses with the increase in propagation distance. The phase diverges outward as the transmission distance increases. In the joint atmospheric turbulence model, the turbulence intensity in the troposphere is greater than that in the stratosphere, so the influence on the phase distribution in the long distance transmission is smaller than that in the short distance transmission below 6 km.
Next, we calculated the crosstalk for each of transmitted OAM modes. Figure 4a -c show histograms of the OAM crosstalk found for 1 km, 5 km and 10 km, respectively. In each of the three cases, we present examples that correspond to the crosstalk generated by transmitting on an isolated channel with l = 1, 3, or 5. Each subplot corresponds to a row in topological charge l, such as l = 1, and the electromagnetic vortex wave transmits in moderate-to-strong turbulence, the proportion of the dominant mode gradually decreases from 0.898 to 0.180. When the transmission distance increases to 10 km, the dominant mode is submerged by the crosstalk mode. From Figure 4 we can see a trend that transmitted OAM mode transfers energy into the neighboring modes along with transmission distance, and in the case of the weak turbulence, mode crosstalk occurs mainly in adjacent modes, whereas in the case of moderate-to-strong turbulence, mode crosstalk gradually expands to other peripheral modes. Furthermore, for each of the sending OAM modes, the effect of turbulence on mode transmission in turbulence channels is gradually unstable. Under moderate-to-strong turbulence, because the electromagnetic wave is inevitably influenced by turbulence disturbance, the receiving end cannot correctly identify the mode of transmission. Therefore, the mode crosstalk caused by atmospheric turbulence needs to be compensated for by obtaining the right mode.
diffuses with the increase in propagation distance. The phase diverges outward as the transmission distance increases. In the joint atmospheric turbulence model, the turbulence intensity in the troposphere is greater than that in the stratosphere, so the influence on the phase distribution in the long distance transmission is smaller than that in the short distance transmission below 6 km.
(a) (b) (c) Because the wavelength of microwave band is much larger than that of light band, the effect of weak turbulence on electromagnetic vortex waves is small. Therefore, only the results of compensation for the influence of moderate-to-strong turbulence on electromagnetic vortex waves are given. Figure 5a -c displays the intensity and phase distribution of electromagnetic vortex waves with adaptive compensation found for 1 km, 5 km and 10 km, respectively. After the adaptive compensation, the intensity of beam increased significantly and the distribution became uniform. The distortion degree of the isophase line was greatly improved, which indicates that the phase distortion is effectively compensated. This shows that the adaptive compensation scheme is very effective for electromagnetic vortex wave distortion correction with a single topological number.
whereas in the case of moderate-to-strong turbulence, mode crosstalk gradually expands to other peripheral modes. Furthermore, for each of the sending OAM modes, the effect of turbulence on mode transmission in turbulence channels is gradually unstable. Under moderate-to-strong turbulence, because the electromagnetic wave is inevitably influenced by turbulence disturbance, the receiving end cannot correctly identify the mode of transmission. Therefore, the mode crosstalk caused by atmospheric turbulence needs to be compensated for by obtaining the right mode. Because the wavelength of microwave band is much larger than that of light band, the effect of weak turbulence on electromagnetic vortex waves is small. Therefore, only the results of compensation for the influence of moderate-to-strong turbulence on electromagnetic vortex waves are given. Figure 5a -c displays the intensity and phase distribution of electromagnetic vortex waves with adaptive compensation found for 1 km, 5 km and 10 km, respectively. After the adaptive compensation, the intensity of beam increased significantly and the distribution became uniform. The distortion degree of the isophase line was greatly improved, which indicates that the phase distortion is effectively compensated. This shows that the adaptive compensation scheme is very effective for electromagnetic vortex wave distortion correction with a single topological number. Figure 6a-c show histograms of the OAM crosstalk within adaptive compensation found for 1 km, 5 km and 10 km, respectively. In each of the three cases, we present examples that correspond to the crosstalk generated by transmitting on an isolated channel with l = 1, 3, or 5. Each subplot corresponds to a row in topological charge l, such as l = 1, and the electromagnetic vortex wave 6a-c show histograms of the OAM crosstalk within adaptive compensation found for 1 km, 5 km and 10 km, respectively. In each of the three cases, we present examples that correspond to the crosstalk generated by transmitting on an isolated channel with l = 1, 3, or 5. Each subplot corresponds to a row in topological charge l, such as l = 1, and the electromagnetic vortex wave transmits in moderate-to-strong turbulence. The proportion of the dominant mode gradually decreases from 1 to 0.382. In Figure 6a , when a single OAM mode is compensated for the influence of turbulence by the adaptive compensation method, crosstalk among channels is negligible. In comparing Figure 4b with Figure 6b , when topological charge l = 1, the proportion of dominant mode before and after adaptive compensation is increased from 0.882 to 1. Comparing Figures 4c and 6c , when the transmission distance increases to 10 km, the mode of transmission is increased from 0.180 to 0.382, and at this point, the transmitted OAM mode is still the main component after adaptive compensation. For long distance transmission (5 km-10 km), the OAM mode stability becomes worse along with the order number increase of the topological charge l. Therefore, the adaptive compensation can effectively increase the proportion of the main mode, and the crosstalk caused by turbulence can be reduced. Figure 7 displays the intensity and phase distribution of electromagnetic vortex waves with the transmission distance 1 km, 5 km and 10 km for multiplexing l = 1, 3, 5 under moderate-to-strong turbulence conditions. It can be seen from the two-dimensional intensity distribution diagram of OAM beam multiplexing that, in the process of turbulent transmission, the intensity of the electromagnetic vortex waves decreases and the intensity spot diffuses due to the influence of the turbulence effect. The intensity distribution deforms and the power is dispersed gradually with the increasing transmission distance. Due to atmospheric disturbance, the phase distortion of the OAM multiplexed beam is different, and the phase diffuses from the center to the periphery. The isophase lines gradually bend and even blur out of shape, and it is difficult for the receiving end to separate the effective information carried by the OAM mode. Figure 7 displays the intensity and phase distribution of electromagnetic vortex waves with the transmission distance 1 km, 5 km and 10 km for multiplexing l = 1, 3, 5 under moderate-to-strong turbulence conditions. It can be seen from the two-dimensional intensity distribution diagram of OAM beam multiplexing that, in the process of turbulent transmission, the intensity of the electromagnetic vortex waves decreases and the intensity spot diffuses due to the influence of the turbulence effect. The intensity distribution deforms and the power is dispersed gradually with the increasing transmission distance. Due to atmospheric disturbance, the phase distortion of the OAM multiplexed beam is different, and the phase diffuses from the center to the periphery. The isophase lines gradually bend and even blur out of shape, and it is difficult for the receiving end to separate the effective information carried by the OAM mode. For the whole OAM multiplexing system, electromagnetic vortex waves transmitting into the atmosphere will be affected by atmospheric turbulence, so it needs to be compensated to improve the communication quality. With adaptive compensation, the intensity and phase distribution of electromagnetic vortex waves with the transmission distance 1 km, 5 km and 10 km under moderate turbulence conditions are shown in Figure 8 . The intensity of multiplexed OAM modes is increased and the shape is restored. The distortion degree of isophase lines are improved, and they become smooth and tidy. Therefore, the intensity and phase effects of atmospheric turbulence on OAM multiplexing can be compensated well by the method of adaptive compensation. Figure 9 displays the crosstalk distribution of electromagnetic vortex waves with transmission distances of 1 km, 5 km and 10 km under moderate-to-strong turbulence conditions. The first line in Figure 9 is the crosstalk probability distribution of the OAM multiplexed beam transmitted in turbulence. After the transmission of the OAM multiplexed beam through atmospheric turbulence, its purity is damaged. At this time, all the OAM modes are doped with other modes with different topological charges to varying degrees. The singularity occurs when the topological charge is 0. Due to large mode crosstalk among different modes, each beam no longer maintains the original distribution state. Then, the dispersion between adjacent modes is serious, and the proportion of OAM modes with topological charges of 2, 4 and 6 have a high percentage. The second row of graphs in Figure 9 shows the crosstalk distribution of electromagnetic vortex waves with the increasing transmission distance after adaptive compensation. The purity of the OAM mode remains within its own transmission mode, and the crosstalk modes are of smaller proportions. At this moment, the mode information can be judged from the mode of the receiving end.
the communication quality. With adaptive compensation, the intensity and phase distribution of electromagnetic vortex waves with the transmission distance 1 km, 5 km and 10 km under moderate turbulence conditions are shown in Figure 8 . The intensity of multiplexed OAM modes is increased and the shape is restored. The distortion degree of isophase lines are improved, and they become smooth and tidy. Therefore, the intensity and phase effects of atmospheric turbulence on OAM multiplexing can be compensated well by the method of adaptive compensation. Figure 9 displays the crosstalk distribution of electromagnetic vortex waves with transmission distances of 1 km, 5 km and 10 km under moderate-to-strong turbulence conditions. The first line in Figure 9 is the crosstalk probability distribution of the OAM multiplexed beam transmitted in turbulence. After the transmission of the OAM multiplexed beam through atmospheric turbulence, its purity is damaged. At this time, all the OAM modes are doped with other modes with different topological charges to varying degrees. The singularity occurs when the topological charge is 0. Due to large mode crosstalk among different modes, each beam no longer maintains the original distribution state. Then, the dispersion between adjacent modes is serious, and the proportion of OAM modes with topological charges of 2, 4 and 6 have a high percentage. The second row of graphs in Figure 9 shows the crosstalk distribution of electromagnetic vortex waves with the increasing transmission distance after adaptive compensation. The purity of the OAM mode remains within its own transmission mode, and the crosstalk modes are of smaller proportions. At this moment, the mode information can be judged from the mode of the receiving end. We show the signal-to-crosstalk ratio with transmission path in Figure 10 . The signal shows a weakening trend along with the transmission path, whereas the crosstalk shows the opposite trend. In weak atmospheric turbulence, the signal is much larger than crosstalk. Also, under the conditions of the moderate-to-strong turbulence, the ratio of signal to crosstalk is lower than that in weak atmospheric turbulence, but the signal is still the main part (more than 50 dB). We show the signal-to-crosstalk ratio with transmission path in Figure 10 . The signal shows a weakening trend along with the transmission path, whereas the crosstalk shows the opposite trend. In weak atmospheric turbulence, the signal is much larger than crosstalk. Also, under the conditions of the moderate-to-strong turbulence, the ratio of signal to crosstalk is lower than that in weak atmospheric turbulence, but the signal is still the main part (more than 50 dB).
We show the signal-to-crosstalk ratio with transmission path in Figure 10 . The signal shows a weakening trend along with the transmission path, whereas the crosstalk shows the opposite trend. In weak atmospheric turbulence, the signal is much larger than crosstalk. Also, under the conditions of the moderate-to-strong turbulence, the ratio of signal to crosstalk is lower than that in weak atmospheric turbulence, but the signal is still the main part (more than 50 dB). In the wireless communication system based on OAM-modes modulation, the atmospheric turbulence will scatter the energy of the transmitted OAM mode into another mode. Figure 11 shows the variance of channel capacity with different OAM modes in weak-to-strong atmospheric turbulence. It is evident that channel capacity increases with the number of transmission OAM modes. In Ku band the channel capacity could reach the ideal situation under weak and moderate atmospheric turbulence, and channel capacity, through the fluctuating of strong atmospheric In the wireless communication system based on OAM-modes modulation, the atmospheric turbulence will scatter the energy of the transmitted OAM mode into another mode. Figure 11 shows the variance of channel capacity with different OAM modes in weak-to-strong atmospheric turbulence. It is evident that channel capacity increases with the number of transmission OAM modes. In Ku band the channel capacity could reach the ideal situation under weak and moderate atmospheric turbulence, and channel capacity, through the fluctuating of strong atmospheric turbulence, has entered into a downtrend. Thus, we could improve the capacity of the wireless communication system by using vortex electromagnetic waves. turbulence, has entered into a downtrend. Thus, we could improve the capacity of the wireless communication system by using vortex electromagnetic waves. 
Conclusions
In this paper, based on joint atmospheric turbulence, we established a mathematical model for electromagnetic vortex wave transmission in free space communication systems in Ku band. Initially, through theoretical analysis and numerical simulation validation, the intensity and phase of electromagnetic vortex waves were easily distorted by atmospheric turbulence after it was transmitted through a free space channel. Simultaneously, mode crosstalk was obvious, and its own part of the energy was transferred to another OAM mode, making this other OAM mode carry information that was not pure. Then, moderate-to-strong turbulence induced severe intensity and phase disturbances, which were significantly reduced by the applied adaptive compensation. In addition, with the compensation method, the probability of crosstalk of the OAM mode to the neighboring mode increased; however, the standard mode of receiving was still the main part, which could be accepted. Finally, we used OAM multiplexing technology to realize the multiplexing 
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